The developnment of PTX, monolithic catalytic exhaust purifiers, is outlined, and their first use for exhaust emissions control of commercial equipment is described. The main use of PTX converters is on forklift trucks. The purification achievable with PTXequipped fork-lift trucks under various operational conditions is discussed, and examples front the field are given. During more than ten years of operation, no adverse health effects have been reported, and PTX-equipped internal combustion engines appear safe for use in confined areas.
Introduction
After World War II the necessity to protect the enivironment became more and more evident. At that time Engelhard began efforts to utilize catalytic processing, primarily catalytic oxidation, for the abatement of industrial and domestic air pollution. Among these programs, the development of systems to catalytically purify the exhaust of internal combustion engines had a high priority.
The concept of catalytic exhaust detoxification was not new; as early as in 1909, for instance, the use of finely divided platinum catalyst on a carrier and of secondary air injection into the exhaust had been proposed for this purpose (1) (2) . Later on, Houdry described exhaust catalysts consisting of porcelain, such as perforated discs, as support for an alumina or other oxide film which, in turn, was promoted with precious or nonprecious metals (3, 4) . These structures suffered from both insufficient active-and insufficient superficial area and were lacking stability required for engine use. Metallic structures, such as folded woven metallic fabrics, which had been promoted with platinum metals have also been proposed for exhaust purification (5, 6) . However, experience has shown that metallic carrier structures are not suited for this service.
In the late fifties and early sixties, Engelhard developed high-activity, high-area unitary catalyst structures which have been described in a patent (7) . Although the performance of these catalysts was considerably improved, they were fragile and subject to attrition. It is interesting to note that in the period of between about 1960 and 1970 various kinds of monolithic structures were also described -albeit not necessarily as catalyst or autoexhaust catalyst support-by other organizations such as Corning (11, 12) , DuPont (13) (14) (15) , General Motors (16) , General Electric (17, 18) , and also in Germany (19) . Minnesota Mining and Manufacturing Company also disclosed specific developments to utilize ceramic honeycomb structures for exhaust treatment (20) (21) (22) .
The ceramic honeycombs produced by Minnesota Mining and Manufacturing Company, being the first commercially available to Engelhard for developing engine exhaust catalysts, have been used as support for the PTX purifiers on commercial equipment which are the subject of this paper.
Based on extensive engine and vehicle testing, PTX evolved. In 1965 conditions were not appropriate for use on passenger vehicles, however, for use with commercial equipment, such as fork lift trucks, employing unleaded fuels the technology of catalytic exhaust purification was firmly developed.
PTX: Exhaust Purifiers for Commercial Equipment
PTX systems are used for applications such as floor sweepers and scrubbers, mining equipment, construction equipment, generators, compressors, pumps, welders, tractors, snowmobiles, ice skating rink scrapers and edgers. However, the largest use is with fork-lift trucks, where PTX systems are used throughout the United States and in 25 foreign countries.
In a typical fork-lift truck installation, the PTX purifiers takes the place of the muffler. Raw exhaust gas from the engine passes first through a venturi which aspirates filtered air into the exhaust. Subsequently the air-exhaust mixture is reacted over the PTX catalyst. The heat generated by combustion of residual hydrocarbons and of carbon monoxide is sensed by a thermocouple in-stalled in the outlet of the catalyst chamber. The signal of the thermocouple is transmitted to a dual-scale pyrometer usually mounted on the dashboard of the operator's cab. The output signal indicates that the catalyst is at the temperature required for proper activity and at the same time also that the engine operates efficiently. Continuous monitoring, therefore, ensures that the engine is kept in tune, optimizing fuel efficiency and engine life. The details of PTX systems have been described by Jagel and Lehmann (23 A popular size fork-lift truck has a capacity of 3,000 lb. A typical engine-operated either with LP gas or with gasoline-is a 4-cylinder, 4-stroke engine, having a displacement of 162 in3, a compression ratio of 7.4, and developing 62 brake horsepower at 2700 rpm and a maximum torque of 136 ft-lb. at 1800 rpm. The fuel consumption at rated load would amount to about 5 gal. gasoline/phr, or 31 lb of LP gas/phr.
The temperatures of the exhaust of fork lift trucks ahead of the catalyst are typically in the range between 500°F and somewhat above 1000°F. After the combustion reactions in the PTX converter, the measured effluent temperatures lie usually between 800 and 1300°F.
Laboratory data obtained by Jagel and Lehmann (23) on a fork-lift truck equipped with a 155 CID 4-cylinder engine tested in the California 4-modes cycle using LP gas as fuel are shown in Tables 1-3 . With catalytic purification, the weighted total emissions which include the cold start emissions were 99 ppm CO and 88 ppm residual hydrocarbons, whereas without a purifier the corresponding values were 10,000 ppm and 435 ppm (Table 2 ). After 25 sec of operation, carbon monoxide conversion was always over 97%b. Table 3. b Note the substantial reduction of carbon monoxide after the first cold start cycle. The PTX purifier reduced carbon monoxide in the first minute from an initial 1.80% to 0.004%. (24) .
Trucks fitted with PTX units exhibited the following CO emissions listed in Table 5 . At Hunt Wesson Foods the air in the warehouses is regularly tested for CO; in the event the OSHA threshold of 50 ppm should be exceeded, the trucks involved are checked and necessary corrections are made. Lift trucks with PTX purifiers can now be used in shortening packing areas which had previously not been feasible because of the sensitivity of shortening to odors.
Maritime companies are using LPG-fueled fork-lift trucks for materials handling in waterfront warehouses, at docks and in ship holds. The PTX purifiers permits the use of these trucks in confined areas meeting Coast Guard regulations for carbon monoxide emissions (25) .
At the terminal of the Luckenbach Steamship Company in Philadelphia it was reported (25) , for instance, that during more than five years' experience that PTX purifiers were significant in preventing illnesses, accidents, and damages and afforded increased productivity in the operation of forklift trucks in ships' holds.
A case of gasoline fueled fork lift trucks fitted with PTX purifiers is at Rohm and Haas. This company is using fork-lift trucks Environmental Health Perspectives with CO emissions and with irritating odors in these very confined spaces have been eliminated upon installation of PTX purifiers.
An application of PTX purifiers on dieselpowered fork lift trucks is at the Oswego, N.Y. facility of Alcan Aluminum (27) . The PTX catalysts oxidize CO, hydrocarbons, and 
Conclusions
An estimate of the total operational time during the last ten years of use of commercial PTX purifiers is about 1.2 X 108 hr. Some converters have exceeded 10,000 hr of operational life. We are not aware of any instance in which a health problem has been reported connected with PTX-equipped internal combustion engines. In the contrary, the cited evidence shows that health benefits are derived from the use of PTX purifiers. Acording to our own and according to all commercial experiences which have come to our attention, we see no cause to doubt the safety of the operation of PTX purifiers on mobile and stationary internal combustion engines.
The question of possible adverse effects of sulfat3 emissions has been raised only relatively recently, and no systematic study of any such effects with commercial equipment appears to have been completed. However, during the years of use of PTX purifiers in confined spaces no irritation or other health problems, and this would include sulfate effects, have been reported to us. Particularly significant in this respect is the widespread use of PTX purifiers on diesel locomotives in underground mines, in spite of relatively high sulfur content of diesel fuel.
